Abstract-The objective of this study was to evaluate relationships between subjective and objective measures of balance in multiple sclerosis (MS). In 54 subjects with MS, balance was measured objectively with the Sensory Organization Test (SOT) using dynamic posturography and subjectively with the Activitiesspecific Balance Confidence (ABC) Scale and the Falls Efficacy Scale-International (FES-I). MS-related disability was assessed with the Expanded Disability Status Scale (EDSS). Relationships between the magnitude (root mean square, range, and area) as well as velocity of center of pressure sway (calculated from the center of pressure signal from the SOT), composite SOT, ABC Scale, FES-I, and EDSS scores were assessed. The magnitude and velocity of center of pressure sway was statistically significantly correlated with the ABC Scale (rho = 0.2 to 0.5), FES-I (rho = 0.3 to 0.5), and EDSS (rho = 0.3 to 0.4). The composite SOT was also statistically significantly correlated with the ABC Scale, FES-I, and EDSS. Objective balance measures, as reflected by posturography, were significantly related to subjective reports of imbalance and clinical measures of disability in MS. The relationships are moderate to weak, indicating that a comprehensive description of balance problems in people with MS likely requires both objective and subjective balance measures.
INTRODUCTION
Clinical experience and extensive research using a variety of measures indicate that balance problems are common in people with multiple sclerosis (PwMS) [1] [2] [3] [4] [5] . PwMS subjectively report reduced balance confidence, frequent falls, and an increased fear of falling [6] [7] . Additionally, objective posturography demonstrates that multiple sclerosis (MS) is associated with balance impairments in individuals with clearly apparent disability as well as in those with minimal disability [4] or without clinically apparent disability [8] . These findings suggest that while PwMS may appear to have normal balance on clinical inspection, MS can cause changes that subtly alter postural control. Subjectively, PwMS may become aware of balance impairments when they experience changes in day-to-day performance of activities of daily living and physical activity [9] .
While many objective and subjective measures have been used to examine balance in PwMS [2] [3] 5, 10] , the best measure of balance in MS has not been established, nor is it known whether it is advantageous to establish a single test. For this study, we used dynamic posturography to objectively quantify balance in PwMS because this is the gold standard objective measure of standing postural control and because this has been used previously to quantify balance in PwMS [3] [4] [11] [12] . Recent posturography studies have demonstrated specific performance abnormalities on posturography in PwMS, including delayed automatic postural responses to backward translations [13] and abnormal postural sway when sensory inputs are removed [5] . For the present study, we used the composite score from the Sensory Organization Test (SOT) as generated by commercially available posturography devices and we extracted the raw center of pressure signal from each trial of the SOT and calculated root mean square (RMS), range, total sway area, and mean velocity for the resultant sway path. Analyses of these center of pressure variables have been shown to most effectively characterize different aspects of postural sway [14] [15] . For example, sway area reflects the effectiveness of, or the stability achieved by, the postural control system and mean velocity reflects the amount of regulatory activity associated with this level of stability [15] [16] .
To quantify the subjective experience of imbalance, we used the Activities-specific Balance Confidence (ABC) Scale, which assesses fear of falling and has been shown to be reliable [2] and to distinguish between fallers and nonfallers with MS [10] . We also used the Falls Efficacy Scale-International (FES-I), which measures perceived self-efficacy at avoiding falls during essential nonhazardous activities of daily living [17] .
The relationships between objective and subjective measures of balance in MS are not known. It is likely that objective and subjective measures capture different aspects of balance problems in PwMS. For example, objective assessment tools identify quantitative variables of interest related to physiological changes in vision, vestibular, and somatosensory sensory systems as well as muscular performance, which affect postural control, while self-report questionnaires likely reflect the effect of balance problems in an individual's day-to-day life. While some relationship between objective and subjective measures is expected, no single measure is likely to reflect the entirety of balance problems. This is similar to the diagnosis and assessment of disease severity and progression in MS. During the diagnosis and monitoring of MS, multiple measures, including relapse rate, various magnetic resonance imaging (MRI) measures, and disease-associated impairment and disability as captured by the Expanded Disability Status Scale (EDSS) [18] , are used to assess changes in function and response to treatment. Similarly, it is possible that a combination of measures to assess balance will provide the most comprehensive picture of the onset, progression, and response to treatment of balance problems in MS.
To decide whether a combination of measures is best to monitor changes in balance, it is first necessary to understand the relationship between objective and subjective balance measures. Thus, the purpose of this study was to better understand the relationships between objective measures of balance, as assessed by posturography, and subjective measures of balance, as assessed by selfrated questionnaires, in PwMS. We hypothesized that there would be relationships between these measures but that these relationships would be weak because of differences in the focus of these measures. Objective measures reflect balance performance at the specific time of testing and subjective measures reflect overall balance confidence and perceived self-efficacy at avoiding falls.
MATERIALS AND METHODS

Standard Protocol Approvals, Registrations, and Patient Consents
This was a prospective cohort study carried out at a Department of Veterans Affairs medical center and an academic medical center in the Northwest United States. The institutional review boards at both centers approved the protocol and written informed consent was obtained from all patients participating in the study. The subjects were 54 PwMS recruited from the outpatient MS specialty clinics of these centers and surrounding community neurology clinics in 2010 to 2011. Subjects were recruited for a study of mechanisms underlying imbalance and falls in MS, and the subjects included in this analysis were those who completed all measures analyzed.
Participants
Data from 54 PwMS were included in this analysis. Inclusion criteria included (1) having MS as diagnosed by McDonald criteria [19] ; (2) having any subtype of MS, including relapsing remitting, primary progressive, or secondary progressive; (3) having mild-to-moderate MSrelated disability (EDSS score of 6.0) [18] ; (4) being willing and intellectually able to understand and sign an informed consent and adhere to protocol requirements; (5) being community dwelling; and (6) having no clinically significant MS relapses as confirmed by physician history within 30 days before the day of balance testing. Exclusion criteria included (1) having a self-reported musculoskeletal, neurological, or medical condition other than MS that is known to affect balance or gait and is associated with falls, such as a lower-limb joint replacement, peripheral neuropathy, vestibular disorder, alcoholism, stroke, and seizures and (2) being >3 mo pregnant.
Objective Instrumented Quantitative Balance Assessment
We specifically evaluated several standard measures of center of pressure sway in standing using the SOT performed with the SMART Equitest device (NeuroCom; Clackamas, Oregon) [1, 20] . The SOT evaluates the relative contributions of visual, vestibular, and somatosensory systems during standing by disturbing the information delivered to the patient's eyes, feet, and joints. For the SOT, subjects perform three 20 s trials under six different conditions: (1) Figure) . The subject's sway under each condition reflects his or her ability to maintain postural control during standing [20] . The composite SOT score is calculated by comparing the angular difference between a subject's maximum anterior to posterior center of gravity displacements and the maximum possible sway range of 12.5°. The composite SOT score ranges from 0 to 100, where 100 indicates no sway and 0 indicates a fall. Although this equilibrium score is commonly used in clinical practice, it provides no other information regarding the center of pressure sway path. Therefore, for this study, we extracted the raw center of pressure signal from each trial of the SOT and calculated RMS, range, area, and mean velocity for the resultant sway path, because these provide additional information about the stability achieved by the postural control system and the amount of regulatory activity associated with this level of stability. The median value from three trials for each condition, rather than the mean value, was used to account for any possible learning effects across trials, providing one value for each variable for each of the six conditions. 
Subjective Balance Assessment
The ABC Scale and FES-I were completed by all subjects. The ABC Scale is a 16-item questionnaire that serves as a rating of self-perceived confidence during performance of activities of daily living. The questionnaire score ranges from 0-100 percent, with higher scores indicating higher or better balance confidence. The ABC Scale has been shown to have high test-rest reliability (Pearson correlation = 0.92) and internal consistency (Cronbach α = 0.96) in community-dwelling older adults [21] . In PwMS, the ABC Scale also shows good test-retest reliability (Pearson correlation = 0.92) [2] and concurrent validity with other objective and subjective balance measures [10, 22] .
The FES-I measures fear of falling, where fear of falling is defined as low perceived self-efficacy at avoiding falls during essential, nonhazardous activities of daily living [23] [24] . The FES-I was used for this study because although it has not commonly been used in studies with PwMS, it has been validated in other populations and has good cross-cultural validity, unlike the ABC Scale [25] [26] . The FES-I also shows good test-retest reliability in community-dwelling older adults [25] and in people with cognitive impairment [23] . Subjects with higher FES-I scores have greater fear of falling [24] . Both the ABC Scale and the FES-I are subjective measures, but they have slightly different purposes. The ABC Scale focuses on assessing an individual's perception of his or her balance. The FES-I focuses on an individual's fear of falling. Thus, use of both scales provides both a balance-specific and a falls-specific self-assessment.
Clinical Impairment and Disability Assessment
Clinical assessment of overall MS-associated impairments and disability was performed using the EDSS [18] . The EDSS quantifies impairments and disability in MS in eight functional systems: pyramidal, cerebellar, brainstem, sensory, bowel and bladder, visual, cerebral, and other. Based on the functional system score, the person is classified into an EDSS step or half step between 0 and 10, with 0 reflecting a normal neurological examination, 10.0 reflecting death due to MS, and 6.0 reflecting intermittent or unilateral constant assistance (cane, crutch, or brace) required to walk 100 m. The EDSS is the scale most commonly used to rate disability in MS. In the present study, the EDSS assessment was performed by a qualified neurologist or nurse practitioner.
Data Analysis
Means (or medians where appropriate), ranges, and standard deviations for demographic and balance questionnaire scores were calculated by standard methods and are shown in Table 1 . To assess the relationship between sway variables measured by the SOT and scores on the ABC Scale, FES-I, and EDSS, Spearman correlations were computed after a Shapiro-Wilks test revealed the data were not normally distributed. A Bonferroni correction for multiple comparisons was applied so the alpha level was set at 0.008 (0.05/6, for the 6 conditions). All statistical procedures were performed using SPSS (SPSS version 20, IBM Corp; Armonk, New York).
RESULTS
The subjects had an average age of 39.5 yr, 70 percent were female, and their median EDSS score was 3.0 ( Table 1) . The mean ABC Scale and FES-I scores were 79.3 and 24.8, respectively ( Table 1) .
ABC Scale total scores significantly correlated with median values for RMS in conditions 1, 2, and 3; with range in conditions 1 and 3; with velocity in conditions 1-5; and with sway area in all SOT conditions ( Table 2) . FES-I total scores significantly correlated with median values for RMS in conditions 1 and 3; with range in conditions 1, 3, and 4; and with velocity and sway area in all SOT conditions ( Table 3) . EDSS scores significantly correlated with median values for RMS in conditions 1, 5, and 6; with range in conditions 1 and 6; with velocity in conditions 1 and 4; and with sway area in conditions 1, 4, 5, and 6 of the SOT ( Table 4) . SOT composite scores were significantly correlated with scores on ABC Scale (rho = 0.39, p = 0.004), FES-I (rho = 0.43, p = 0.001), and EDSS (rho = 0.36, p = 0.008).
DISCUSSION
Results of this study indicate that objective posturography measures of balance are related to subjective selfreported measures of balance problems and clinical measures of impairment and disability in PwMS. The relationships, although statistically significant, are weak to moderate (rho = 0.33 to 0.55).
Our finding of relationships between objective and subjective assessments of balance control in PwMS is consistent with Motl and Snook's [27] recent study examining the relationship between objective and subjective assessments of walking in PwMS. The authors reported a strong correlation (r = 0.64) between walking performance measured objectively with an accelerometer, the gold standard objective measure of ambulation activity in individuals with neurological diseases [28] , and self-reports of walking performance in PwMS (as captured by the MS Walking Scale-12 [MSWS-12] [29] ). PwMS who walked more, based on accumulation of daily activity counts by accelerometry, reported less effect of the disease on walking [27] . Similarly, the present study found that PwMS who had better balance, based on center of pressure variables captured by posturography, reported greater balance confidence and less fear of falling. The previously reported relationships between objective and subjective measures of walking were stronger than those found between objective and subjective measures of balance. This difference may be Table 2 . Correlations between sway measures and Activities-specific Balance Confidence Scale. because the subjective walking scale used, the MSWS-12, was specifically designed, validated, and optimized in PwMS, while the subjective balance scales used in the present study were originally designed for and validated in populations of older adults. It is also possible that the relationships between subjective and objective balance measures were weak because posturography captures balance performance, while the ABC Scale and FES-I assess perceived balance confidence and perceived self-efficacy at avoiding falls. Thus, the constructs differ between these measures. The center of pressure variables used in this study reflect both the balance control processes necessary to maintain stance and movement of the entire body's center of mass [14] . Previous studies have shown that even when standing with eyes open, PwMS exhibit a larger center of pressure sway area [4, 30] , greater sway velocity [3, 30] , and greater RMS of sway than nondisabled controls [31] [32] . The direction of correlations found in the present study suggest that the PwMS who report poor balance also have higher sway RMS, range, velocity, and area. This finding is similar to the finding in older adults that subjective measures of balance, including the ABC Scale, correlate strongly with objective measures of balance control [33] . However, the relationships between sway variables and self-report scales in this study were only weak to moderate. This is likely because factors other than sway characteristics, including fall prevention strategies, the environment, and overall confidence, modulate balance confidence and falling. In addition, correlations are likely higher in older adults because both the subjective balance scales were designed for and validated in that population [21, 26] .
The ABC Scale represents a person's rating of their own confidence performing activities of daily living, including tasks involving walking, standing, and upperlimb movements. Postural sway may strongly affect performance of some of these tasks, such as standing on an unfamiliar surface or standing on one's toes and reaching for something but may have less effect on other more gait-related tasks, such as walking outside to the car or walking up and down a ramp, all activities rated by the ABC Scale. Similar to the ABC Scale, the FES-I identifies a person's self-perceived fear of falling while performing activities of daily living. While excessive sway during stance could be noticed by PwMS, it is also likely that a person's previous experience with falls or physical impairments would affect his or her self-perceived risk and fear of falling.
The weak relationship between the EDSS scores and sway variables is likely because although some aspects of disability that affect the EDSS score may also affect balance, many of the assessed functions, for example, speech or bladder function, would not be likely to affect balance performance. Balance is only directly assessed within the EDSS by the Romberg test [34] and observation for ataxia during ambulation. Neither of these assessment techniques, however, include a direct measure of postural sway. Thus, the EDSS score provides an overall measure of MS-associated impairment and disability that may or may not be associated with postural sway abnormalities.
The findings of this study have a number of clinical implications. Most importantly, to fully understand the 
CONCLUSIONS
The relationship between sway variables and these commonly used self-report and clinical measures provides a clear example of the imperfect relationship between available objective information regarding balance and the subjective data provided by questionnaires or general neurological clinical examination. Just as multiple measures, including MRI, relapse rate, and disability progression, are needed to encompass the severity of MS and the effectiveness of MS disease-modifying interventions, multiple measures, including self-report questionnaires, clinical examination, and posturography, are also required to effectively provide the most encompassing evaluation of balance impairment in PwMS. Both objective and subjective measures should be used to assess the presence and severity of imbalance as well as the response to interventions in clinical and experimental settings.
